Background: Dose-finding trials are essential to drug development as they establish recommended doses for later-phase testing. We aim to motivate wider use of model-based designs for dose finding, such as the continual reassessment method (CRM).
on trials determining the maximum-tolerated dose (MTD), which is the highest dose of drug or treatment that does not cause too many patients unacceptable side effects. Algorithm-based designs, such as the 3 þ 3 (Carter, 1987) , use rules fixed during trial design to select the MTD and allocate patients to a dose level. Dose levels are assigned using information from patients at one dose level. Model-based designs, such as continual reassessment (CRM) (O'Quigley et al, 1990) , allocate patients to a dose level using a targeted toxicity rate and a statistical model describing the dosetoxicity relationship between the dose levels. When a new patient is registered to the trial, the model is updated using all available information on all registered patients and the dose for the new patient is agreed using the model-suggested dose as a guideline. Information from every patient at every dose level is used to decide the next dose. The model recommends the final MTD at trial completion.
Although statisticians recommend model-based designs, most phase I trials use algorithm-based designs (Rogatko et al, 2007; van Brummelen et al, 2016) . We need to understand why statisticians' endorsement of model-based designs is often ignored (Jaki, 2013; Paoletti et al, 2015) so that we can act appropriately to improve uptake.
We summarise the benefits of model-based designs and statisticians' opinions of why these designs are neglected from the literature. We survey researchers' reasons for avoiding these designs. We demonstrate how to overcome these barriers using a real-world example and provide recommendations and solutions to remove perceived barriers to using model-based designs.
MATERIALS AND METHODS
Literature review. We conducted a literature review, searching PubMed on 13 May 2015 and Embase on 8 June 2015 for '3 þ 3', 'CRM', and general terms. Supplementary Tables A and B show our search strategies.
Survey. We identified four themes in studies examining uptake of adaptive designs and Bayesian methods (Chevret, 2012; Jaki, 2013; Morgan et al, 2014; Dimairo et al, 2015a) : resources, knowledge, training, and implementation. We developed survey questions (Supplementary Table C) to identify barriers within these themes. We included one question for statisticians on software and another for other respondents on statistical support.
The survey was sent to clinical academics working with AstraZeneca, chief investigators (CIs) involved in trials reviewed and approved by the Cancer Research UK (CRUK) New Agents Committee (NAC), and International Clinical Trials Methodology Conference delegates (ICTMC 2015) who registered for a dosefinding studies workshop.
The frequency and proportion of each response was calculated for each questionnaire item. The proportion of respondents who considered each item a barrier was calculated by combining the numbers who rated the item 'always' and 'often' or 'strongly agree' and 'agree'.
RESULTS
Model-based approaches today. Model-based approaches have been neglected since their introduction in the 1990s. They were used in 1.6% of phase I trials published 1991 (Rogatko et al, 2007 , increasing to only 6.4% by 2012 -2014 (van Brummelen et al, 2016 ).
Benefits of model-based approaches. Model-based designs for phase I trials offer flexibility, superior operating characteristics, and scope for extension (Le Tourneau et al, 2009 ).
Flexibility. Model-based approaches allow complete flexibility in defining a target dose-limiting toxicity rate and enable the MTD to be estimated with the required degree of precision. The MTD may therefore be defined as the highest dose with a dose-limiting toxicity rate below the target threshold, with the threshold chosen based on the trial patient population and prior knowledge of the evaluated drug. Model-based designs can accommodate different underlying dose-response curve shapes. Doses can be skipped to accelerate escalation or de-escalation, and new dose levels can be defined during the trial. The risk of dose-limiting toxicity events in later treatment cycles can also be evaluated .
Superior operating characteristics. Across different dose-toxicity curves, model-based designs select the dose with the target doselimiting toxicity rate more often than 3 þ 3 designs (Thall and Lee, 2003; Boonstra et al, 2015) and expose fewer patients to doses with dose-limiting toxicity rates above or below the target level during the trial (Iasonos et al, 2008; Le Tourneau et al, 2012) . The safety of model-based designs is evaluated at the design stage using simulation, with incorporation of overdose control where appropriate, and checking that decisions are sensible. Simulations have shown that more patients are likely to be overdosed or treated at subtherapeutic doses with 3 þ 3 designs than model-based designs (Babb et al, 1998) . Model-based designs also outperform 3 þ 3 designs when attribution errors for adverse events occur (Iasonos et al, 2012) . Unlike 3 þ 3 designs, model-based designs can accommodate many candidate doses without substantially affecting the designs operating characteristics . A CRM design achieved a recommended MTD after a median of three to four fewer patients than a 3 þ 3 design (Onar et al, 2009 ).
Extended scope. Model-based approaches can be varied to suit a particular intervention and trial. For example, they can incorporate toxicity grade information (Iasonos et al, 2010; Doussau et al, 2015) , combination treatments (Mandrekar et al, 2007) , nonbinary end points such as biomarker, pharmacokinetic or pharmacodynamics measures (Calvert and Plummer, 2008) , time-to-event information (Cheung and Chappell, 2000) , and multiple treatment schedules (O'Quigley and Conaway, 2011) .
With so much evidence supporting model-based designs, why do trial teams avoid them? Possible barriers to model-based approaches. The literature offers many opinions, and little empirical evidence, on why model-based designs are neglected.
Algorithm-based designs such as the 3 þ 3 design are the most used oncology dose-escalation design and therefore oncologists are exposed to and become familiar with it, and the literature offers many practical examples (Rogatko et al, 2007) . Clinicians using 3 þ 3 designs often informally incorporate available data from lower doses and use their experience of previous trials when deciding dose allocations. Many believe that 3 þ 3 designs are flexible, practical, functioning phase I designs (Ishizuka and Ohashi, 2001) .
Model-based designs are seen as a 'black box' approach to dose escalation that makes clinical interpretation of model parameters difficult during design development. Statistical analysis is needed after each dose cohort, which appears time consuming and complicated. Despite strong counterevidence (O'Quigley, 1999) , many believe that model-based designs are less efficient than 3 þ 3 designs in terms of time-to-complete and numbers treated above the MTD (Korn et al, 1994) . Our experience is that clinicians also worry that they cannot overrule a model's dose-escalation recommendations, and often cite 3 þ 3 designs as providing safe, conservative estimates of the MTD.
Clinicians may find model-based designs' need for prior information counterintuitive. As a phase I trial's start is rife with uncertainty, many erroneously believe that the model's required information can only be acquired after the trial starts. The reliability of dose-escalation decision-making is thought to be heavily dependent on weak prior assumptions.
Relative to algorithm-based designs, there are few published practical examples of model-based designs; although the systematic review of Iasonos and O'Quigley (2014) provides references of CRM published trials from 2001 to 2013, Levy et al (2006) and Paoletti et al (2006) are useful descriptions of trials, and Iasonos et al (2015) guides protocol writing.
Setting up model-based designs requires time and expertise. The statistician and CI must interact frequently, requiring access to a statistician and time for design development (Morita et al, 2007; Jaki, 2013; Dimairo et al, 2015b) . Even when statistical advice is available, choosing the most appropriate design for a particular trial from the many designs on offer is challenging. Add time constraints due to funding application deadlines, and it is unsurprising that clinicians prefer 'simple', familiar methods (Jaki, 2013; Dimairo et al, 2015b) .
Survey results: perceived barriers. We surveyed clinicians, statisticians, researchers, and trial managers to ascertain which of the barriers identified in our literature review are currently affecting the medical research community. We received responses from 14 of the 62 (23%) clinical academics working with AstraZeneca, 22 of the 45 (49%) CIs involved in trials reviewed and approved by the CRUK NAC, and 43 of the 93 (46%) participants registered for the ICTMC 2015 workshop giving an overall response rate of 40% (79 out of 200). Table 1 summarises the survey participants' disciplines and experience. The majority were CIs (40%) or statisticians (39%), representing a range of experience levels. Around half had used non-algorithm-based methods. Of the 30 participating statisticians, 53% reported access to specialised statistical software to support design and analysis of model-based approaches. Of the 30 participating CIs, 83% reported access to statistical support to undertake a non-rule-based design.
When designing a new trial, 53% of the respondents said they always or often considered an alternative to algorithm-based methods. However, 16% reported a poor experience using alternative designs where reasons given included the reliance of real-time data entry for CRM, which slowed down decision making and less data available on other doses to model the efficacy curve and undertake biomarker exploratory analysis (Supplementary Table D) . Figure 1 shows the proportion of respondents who identified each questionnaire item as a barrier to implementing model-based designs. The top three barriers were lack of training to use alternative approaches to algorithm-based designs (57%), CIs' preference for 3 þ 3 designs (53%), and limited resources for study design before funding (50%). Many other items were also rated as barriers by a large proportion of the respondents, such as lack of opportunities to apply learnt skills in using alternative approaches to algorithm-based designs and how quickly studies must be designed.
We collected free-text comments to capture other attitudes or barriers (Supplementary Table D) . The most common theme was respondents' experience of a model-based study that was slower or larger than a typical 3 þ 3 design. Other concerns about modelbased designs themes were: difficulties of real-time data capture, limited data on alternative doses for pharmacodynamics, lack of experienced statisticians, and not selecting a safe dose. Improving uptake themes were: 'selling' model-based approaches to CIs and funders, accessible software, and consensus on which model-based approach to use.
Resources to support model-based design. Resources exist to help trial designers overcome some of the identified barriers.
Software. UK-based non-industry statisticians have access to free CRM software programmes, such as crmPack, dfcrm, and bcrm (http://cran.r-project.org), R shiny apps Web Application for simulating operating characteristics of the Bayesian CRM (Wages, 2017) , and EWOC (Cedars-Sinai, 2017). Have you ever been involved in a dose-finding study that, rather than using 3 þ 3 or another rule-based design, used an alternative? (N ¼ 76) When designing a trial, how often do you consider alternatives to 3 þ 3 and rule-based designs (N ¼ 77) Guidelines. As the statistical language used in CRM studies can inhibit understanding, published guidelines indicate which operating characteristics to summarise to help the entire medical, scientific, and statistical team evaluate a proposed design (Iasonos et al, 2015) . Other guidelines focus on protocols (Petroni et al, 2017) .
Learning from industry. Many pharmaceutical companies have overcome practical barriers to implementing model-based designs, motivated by inaccurate doses from 3 þ 3 trials causing failed phase II and III studies. Academia can use these companies' experiences ( (73) Trial managers' lack of knowlwdge (73) Regulators prefer 3+3 design (74) Funders' lack of knowledge (73) Regulators' lack of knowledge (73) Previous poor experience ( 
Embracing model-based designs for dose finding
We surveyed clinicians, statisticians, and trialists interested in dose-finding trials on their opinions of what stops trial teams from using model-based designs. We approached 200 people; 40% responded. As we targeted a convenient sample of researchers involved or interested in phase I methodology, our results may not be representative of the dose-finding research community. Those acquainted with model-based designs may have been more likely to respond, as 83% of the clinical respondents reported access to statistical support to implement a model-based approach, and 53% of the statistician respondents reported access to suitable software. Although the sample may not be a cross-section of the dosefinding community, the opinions of experienced researchers familiar with model-based methods provide valuable insights. Our results agree with previous surveys of similar scope but wider focus (Jaki, 2013; Dimairo et al, 2015b) .
We did not identify one obvious barrier. Many barriers were considered important by a large proportion of respondents, including clinician and statistician lack of knowledge; clinician, statistician, and funder preferences; lack of training and time for study design before funding; and funder responses to increased costs. A step change in practice will require a multifold approach targeting funders, clinicians, and statisticians.
We discuss the identified barriers to uptake, the progress thus far, and suggestions for facilitating change, referring to our realworld example in Box 1 (see summary in Table 4 ).
Expectations. Many of our respondents avoided model-based designs as previous attempts had resulted in larger or slower trials than expected. Model-based designs do not necessarily mean smaller phase I trials. Instead, these designs more accurately identify the correct dose for future studies, reducing dose reevaluations and improving efficiency and success in the more expensive later stages of drug development.
Training. Our respondents rated lack of training as the greatest barrier to using model-based designs. The MRC's adaptive design The team agreed to consider a model-based approach to explore doses ranging from 0.2 to 120 mg. The statisticians explained the proposed design to the clinicians. They emphasised the advantages of a model-based design over a 3 þ 3 design: flexibility in choosing the next dose and in cohort sizes, and superior operating characteristics. As reliable results were important, the medical trial team agreed to use a Bayesian modelbased approach.
The model-based design needed a prior probability distribution capturing the clinicians' prior beliefs about toxicity at different doses and their uncertainty in these beliefs. The statisticians and clinicians discussed their expectations of the new compound's toxicity. As no clinical data were available, the clinicians estimated the toxicity rates at specific doses for best-case, worst-case, and expected scenarios. As these estimates were based on scant information, they were used to form a minimally informative mixture prior; the information had a small effect on the trial.
The statisticians calculated the prior effective sample size to show the clinicians that the prior's information would not overrule information gathered in the trial. The study design included safety constraints, such as no dose skipping and not recommending doses when the probability of a dose-limiting toxicity was above a threshold.
Hypothetical data scenarios were chosen to reflect potential on-study constellations and the model's recommended escalation decisions were considered. Complete trials were simulated to demonstrate that the model gave reasonable MTD recommendations. As template programmes were used, simulating 3000 trials took just 4-5 h.
To show the team what they could expect in steering committee meetings, Figure 2 and Table 3 were created before the trial started. They represent an example output for a dose-escalation meeting after one hypothetical patient has taken 5 mg without toxicity. The Bayesian model considered doses up to 10 mg safe as they had low probabilities of overtoxicity (Figure 2 , top). It classified the dose level most likely to reach the target toxicity range 16-32%, 40 mg, as too risky for overtoxicity. It recommended testing 10 mg next.
The statisticians explained that the model gives recommendations that the steering committee members can overrule, not binding rules. The statistical report will clearly describe the dose-escalation decisions that were made in the trial. . Toxicity interval probabilities for all prespecified dose levels after one patient has been treated with 5 mg, showing the probabilities for (top) over-, (middle) target, and (bottom) undertoxicity. With green indicating safe doses and red indicating unsafe doses, this shows the current dose decision can be based solely on overtoxicity since only the overtoxicity graph has red doses. We wish to increase the dose if we can; the current patient took 5 mg, but 10 mg would also be safe; thus, the model proposes 10 mg for the next patient.
working group (MRC Hubs for Trials Methodology Research, 2015) promotes the use of model-based design through publications, workshops, expert advice forums, and individualised support for statisticians. There are some explanatory papers (GarrettMayer, 2006) . However, little practical training exists on designing and implementing CRM-based designs throughout a trial's life. More publications on the practicalities are required.
Lack of time. Two frequently reported barriers were how quickly studies are designed and lack of time to study and apply methods. Promoting earlier, frequent discussion of trial ideas between clinicians and statisticians may mitigate these time constraints. Our real-world example shows that ongoing discussion between statisticians and clinicians helps ensure that the final design reflects clinical opinion.
Design evaluation. Our survey highlighted lack of resources for evaluating trial designs as a barrier. The example in Box 1 shows that software templates can speed up design evaluation. Sufficient software training and support during grant development would be very valuable.
Regulators. Over 20% of our respondents believed that regulators prefer 3 þ 3 designs and a similar percentage felt regulators lack knowledge of other designs. However, UK regulators do endorse other trial designs, and the European regulatory guidance on firstin-man trials (Committee for Medicinal Products for Human Use, 2007) does not dictate a design (ICH E4, 1994; Hemmings, 2006; European Medicines Agency, 2014; Europeans Medicines Agency, 2015) . Experiences from pharmaceutical companies show that model-based designs are readily accepted by health authorities and ethics boards.
A model-based phase I trial design must be described and justified in a clinical trial authorisation application like any other design choice. Regulators evaluate the appropriateness of the chosen method in the application's context. We encourage regulators to make their position clear to clinicians and statisticians.
Funders. Funders drive the academic clinical research agenda by setting strategic health priorities and commissioning research projects. They influence the direction and quality of research, as researchers aim to deliver what funders demand. Funders can play a pivotal role in encouraging better statistical methods in the design and analysis of dose-finding studies by setting strategic objectives, implementing rigorous statistical peer review, and integrating statistical expertise into their processes. We encourage funding bodies and ethics committees to question the use of algorithm-based designs, conduct statistical reviews of all phase I trial applications, and embrace model-based studies.
Ignorance of the benefits of model-based designs and disadvantages of algorithm-based designs is blocking wider implementation of more efficient phase I trial designs. Educating funding bodies, ethics committees, and regulatory agencies via tailored training sessions will enable more scientific appraisal of phase I trial designs. This will provide a greater return on investment: studies will produce more reliable results, increasing the likelihood of successful drug development. We can extend these principles to publications. Journal editors and reviewers should question study designs and how they affect the reliability of dose recommendations for future studies.
CONCLUSION
By encouraging earlier clinical and statistical discussion, highlighting available training resources and practical examples, and calling for education for funders and other review committees, we hope to help overcome the barriers to model-based designs identified here. Implementing model-based designs will generate more accurate dose recommendations for later-stage testing and increase the efficiency and likelihood of successful drug development. 
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